Devolatilisation kinetics and analytical Py-GC/MS were conducted on Nigerian teak. Low ash (<1%) and N (<1%) contents and relatively high HHV (19.8 MJ/kg) for teak was found.
Introduction
Biomass has assumed a pivotal role among several alternative energy resources known to humankind. Globally, biomass cultivation and utilisation for energy and chemical production is being pursued vigorously because of its renewable potentials, sustainability prospects and inherent ability to address some environmental concerns engendered by fossil fuel utilisation. Biomass wastes generation often creates disposal and environmental challenges, which make them an ideal feedstock for bioenergy production (Lasode and Balogun, 2010) . Biomass characteristics are significantly influenced by climatic conditions, soil types and soil fertility treatment in their respective environment. It is therefore important to carry out a basic data analysis of regional biomass material for specific applications such as Nigerian teak.
Thermochemical conversion processes such as pyrolysis (promotes fuels and chemical extraction) and gasification (ensures syngas production for power generation) are viable means for the utilisation of biomass residues (Bridgwater, 2003; Sami et al., 2001) . A major step in these processes is devolatilisation; the liberation of a wide range of volatile species emerging at different rates. An investigation into reaction kinetics is very useful for understanding the devolatilisation/degradation mechanisms and facilitating the design of devolatilisation processes and the sizing of reactors. The optimisation of operating conditions is important not only for industrial purposes but also for quality control of the product. Thermogravimetric analysis (TGA) has become a veritable tool for the evaluation of kinetic parameters in thermal degradation of materials. Prins et al. (2006) and Damartzis et al. (2011) carried out studies on weight loss kinetics and kinetic study of the pyrolysis of cardoon (a herbaceous plant) via TGA measurements under isothermal and non-isothermal conditions, respectively. The primary advantage of non-isothermal measurement is that a single sample is required throughout the entire temperature range for the TGA experiment. However, the use of multiple heating rates has been recommended so as to improve the accuracy of non-isothermal techniques (White and Catallo, 2011) .
The devolatilisation characteristics of biomass decomposition can be deduced from non-isothermal TGA and the first derivative TGA (DTG) thermograms. These thermograms are also valuable in observing the influence of varied heating rates, devolatilisation temperature, and volatile matter released during biomass decomposition. In addition, the application of several model-fitting techniques to TGA data helps in the determination of kinetic parameters. A class of such techniques is the model-dependent approach which relies on a preliminary assumption of the devolatilisation model and reaction order (Gai et al., 2013) . An accurate prediction of the devolatilisation model is crucial and inevitably necessitates a prior knowledge of a probable reaction scheme. In practice, the activation energy (E) and pre-exponential frequency factor (A) are extrapolated from the model of best fit that was statistically selected among a series of reaction model fitted to nonisothermal data (Zhou and Grant, 2004) . This method is error prone; it produces an unreliable outcome with large discrepancies found among the different reaction models (Chen et al., 2006) . Additionally, the ideal model adopted fails to truly capture the events often encountered in heterogeneous reactions (Gai et al., 2013; Damartzis et al., 2011) .
Suitable alternatives are the iso-conversional methods commonly referred to as model-free techniques. They were originally conceived for single step reactions (Biagini et al., 2008) , which would sufficiently capture thermal processes for homogenous materials. However, the thermal decomposition of lignocellulosic biomass often involves cleavage of chemical bonds in the polymeric components following successive and parallel reaction routes. For instance, lignin has been reported to decompose over a wide temperature range (473-773 K) (Wongsiriamnuay and Tippayawong, 2010) . The most reactive of biomass fractions, hemicellulose starts decomposition at about 523 K, while cellulose begins at 570 K and shows a maximum mass loss rate at about 660 K (Gaur and Reed, 1998) . Moreover, the interplay of the consequent chemical transformation (phase transition from solid to liquid to gas) and the physical processes (heat and mass transfer) also introduces complexities into the interpretation of biomass kinetics (Damartzis et al., 2011) . Apparently, a more robust model other than a single step will be required to describe biomass decomposition. The following improvements were incorporated into iso-conversional method for a better simulation of multi-step reactions:
(1) performance of TGA runs at multiple heating rates and (2) evaluation of E as a function of degree of conversion. The need for an assumption on the devolatilisation model is also eliminated (Gai et al., 2013) . The intricacies of multi-step reaction are thus better modelled by iso-conversional techniques providing a valid result for the devolatilisation kinetics.
Lately, the University of Ilorin, Nigeria in an effort to apply the principles of sustainable development to the environment instituted an ambitious programme of planting 100,000 seedlings of teak (Tectona grandis) for a period of five years and it started off with 70,383 seedlings on a 57 hectares of land in 2008 (Oloyede et al., 2009) . Teak is also one of the common tree species used as wooden transmission poles and for other structural purposes in Nigeria (Babalola, 2008) . Teak harvesting and processing evidently generate significant quantities of residues that can be utilised for thermochemical conversion.
Pyrolysis is one of the thermochemical conversion processes that may be used in harnessing energy potentials of biomass resources. It takes place between 723 and 873 K, essentially for the production of condensed liquid (bio-oil) (Azeez et al., 2010) . The chemical composition of the bio-oil is often of particular interest to scientists for its utilisation as biofuels. Analytical pyrolysis gas chromatography/mass spectrometry (Py-GC/MS) is a valuable technique for prospecting the wide spectrum of volatile species that may be found in bio-oil (Greenhalf et al., 2013) . Azeez et al. (2010) carried out analytical Py-GC/MS on hardwood, that is, iroko (Chlophora excelsa) of African origin.
Iso-conversional methods have been used extensively for the kinetic study of non-woody biomass such as wheat straw (Cai and Bi, 2009 ), bagasse, cashew nut shells, palm stems, coffee husks (Wilson et al., 2011) , and orange waste (Lopez-Velazquez et al., 2013) . There exists, however, limited literature on kinetics of woody biomass resource; particularly of tropical origin. The primary objective of this study therefore was to conduct reaction kinetics using model-free techniques and analytical Py-GC/MS on Teak of Nigerian origin in view of the prospective local production of biofuels from its wastes.
Methods

Materials
Teak was obtained from a timber processing plant in December 2012 at Ilorin, Nigeria (8°29 N, 4°32 E). Wood chips (15 Â 10 Â 10 mm) from tree lumber, aged between 40 and 45 years were produced. These were packed in polyethylene bags and transported to the Laboratory in the Department of Forest, Rangeland and Fire Science, University of Idaho, Moscow, Idaho, USA. The biomass samples were then ground in a Thomas Wiley Laboratory Mill Model 4, sieved into particles sizes of 0.25-0.5 mm and stored in Ziploc bags at room temperature.
Methods
Proximate and elemental analyses, and heating value
The method according to ASTM D1102-84 was used for the evaluation of the ash content, while the moisture content (MC) measurement was performed on a HB 43-S Mettler Toledo moisture analyzer. The fixed carbon (FC) content was calculated by difference. Elemental analysis was conducted by CE 440 elemental analyzer to determine C, H and N contents and O was calculated by difference. The Higher heating value (HHV) of biomass samples, in triplicate, was determined using a Parr oxygen bomb calorimeter model 1341 according to ASTM D5865-04.
Compositional analysis
Compositional analysis was conducted using both wet chemistry and instrumental analytical methods to obtain the extractive and lignin contents according to ASTM D1108-96 and ASTM D1106-96 respectively.
Thermogravimetric analysis (TGA)
Devolatilisation tests were conducted on a thermogravimetric analyser (Perkin Elmer TGA-7, Massachusetts, USA) with N 2 purge gas (30 mL/min). Samples (2-5 mg) were analysed at linear heating rates of 5, 15, 25, and 35 K/min. The experiments were carried out under non-isothermal conditions; temperature was held for 1 min at 50°C and subsequently ramped from 50 to 900°C. These were done in duplicates and good reproducibility was obtained.
Kinetic modelling
The global kinetic equation for the decomposition rate in solidstate may be expressed as a product of Arrhenius' expression and a function of the extent of conversion
where A is the pre-exponential frequency factor (min À1 ), E is the activation energy (J/mol), R is the universal gas constant (8.314 J/mol K), T is the absolute temperature (K), a is the extent of conversion and f(a) is the reaction model which is a function of conversion. Thermal decomposition of lignocellulosic materials comprise a series of complex reactions involving various chemical constituents occurring simultaneously. This creates a major challenge for adopting a simple kinetic modelling. Model-free techniques are more robust and are conventionally applied for the determination of apparent E and A. These rely on a set of thermogravimetric experiments based on multiple heating rates at a particular fraction of conversion. This eliminates the need for a reaction model and 'compensation effect' in the determination of kinetic parameters. They provide relatively accurate results when compared with some other model-fitting techniques (Damartzis et al., 2011) . At constant linear heating rate b = dT/dt, integrating Eq. (1) by separation of variables gives:
If T 0 falls well below the temperature where the rate of decomposition cannot be measured, the lower limit of the integral form vanishes. Let
The term p(x) symbolises the temperature integral and it does not have an exact analytical solution. The two possible approximations adopted for this study were explained in Sections 2.4.1 and 2.4.2.
Flynn-Wall-Ozawa's (FWO) method
The FWO method is one of the notable model-free techniques commonly used for the determination of kinetic parameters. The FWO method linearises the temperature integral in Eq. (3) using Doyle's empirical approximation (Doyle, 1965) as shown in Eq. (4). log pðxÞ ffi À2:315 þ 0:457x ð4Þ
Taking logarithm of Eq.
(3) and combining with Eq. (4) gives the FWO expression in Eq. (5).
By implication a series of TGA experiments at heating rates b 1 , b 2 . . . b i can be conducted and a temperature T j,i at a conversion ratio, a j and heating rate, b i , noted. Then a plot of log b i against T À1 j;i , for each of j conversion ratio, a 1 , a 2 . . . a j will give j iso-conversional lines whose slopes can be calculated from Eq. (6) (Flynn, 1983) .
Thus, the E at each conversion step can be evaluated from the plot of log b against the reciprocal of absolute temperature. An iterative procedure was used to obtain the final value of Arrhenius E so as to reduce the error introduced by Doyle's approximation (ASTM E1641-07; Flynn, 1983 ). Starink (1996) examined two iso-conversional techniques (Flynn-Wall-Ozawa and Kissinger-Akhira-Sunose (KAS)) and found out that both conform to the expression in Eq. (7). ln b
Starink's method
where for FWO s = 0, B = 0.457 and for KAS s = 2 and B = 1. Starink optimised the values for constants s and B and proposed that s = 1.8, while B = 1.0037. It was reported that Starink's method was an order of magnitude more accurate than the other two isoconversional methods (Starink, 1996) . Hence, Starink's method can be expressed as Eq. (8) ln b
A plot of ln b s 1:8 À Á against reciprocal of absolute temperature gives a straight line of which the slope corresponds to À1:0037 E R . The E can thus be calculated from the slope of the graph.
Evaluation of pre-exponential frequency factor (A)
The evaluation of A was done according to the modified ASTM E1641-07 standard. The A was determined as a function of conversion, and based on the assumption that the decomposition obeys first-order kinetics.
2.5. Analytical pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) Biomass samples (<0.1 mg) were injected into a quartz capillary tube and pyrolysed at 500°C in an inert atmosphere (He, 0.125 MPa) using Pyrojector II, (SGE Analytical Science) coupled to a GC-MS EI (FOCUS-ISQ, Thermoscientific) instrument. The compounds were separated on a RTx-5 ms (30 m Â 0.25 mm Ø, Restek) column with a temperature programme of 50 to 290°C (10 min) at 5°C/min. The eluted compounds were identified with authentic standards, NIST 2008 library matching and by their mass spectra (Pillai et al., 2011) .
Results and discussion
Biomass characterisation
Biomass characterisation involves proximate, ultimate, compositional analysis and heating value determination. The proximate analysis gives information on the fixed carbon (FC) and the ash contents, while the elemental analysis provides carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) content determination. The compositional analysis concerns the determination of extractives (Ext), and lignin (Lig) contents. The basic analysis data from this study are compared with results for tropical hardwood from literature as shown in Table 1 . Table 1 shows that the ash content for teak (<1%) is much lower than that of iroko (3.5%), while the C content for teak (49.6%) is higher than the value for iroko (43.9%). It has been demonstrated that low ash and high C contents contribute significantly to high HHV for lignocellulosic materials (Greenhalf et al., 2013) . For iroko and teak respectively, the extractive contents are 8.2% and 3.5%, while the lignin contents are 26.2% and 36.5%. Telmo and Lousada (2011) have established through regression analysis that variation in lignin content influences changes in heating value more than extractives. The assertions made above are clearly reflected in the trend portrayed by the characterisation data in Table 1 with teak possessing a comparatively higher HHV than iroko. The values of N content for both samples are the same (<1%); an indication that low emissions of NO x can be expected if deployed for bioenergy applications.
Thermogravimetric analysis (TGA)
Non-isothermal thermogravimetric experiment conducted at different heating rates is a viable technique for evaluating kinetic parameters of biomass devolatilisation. The application of iso-conversional methods, which are model-free, to non-isothermal data makes this possible. The accuracy achievable is more reliable when compared with single dynamic measurements. TGA experiments for thermal decomposition of teak at varied heating rates (5-35 K/min) showed a significant mass loss below 398 K. This early decomposition stage is as a result of moisture evaporation and possibly degradation of light organic compounds. The main devolatilisation stage in teak, a major step in all biomass thermochemical processes, spanned 523-763 K. At this stage, a wide spectrum of volatile species is liberated due to the degradation of the essential polymeric fractions that make up lignocellulosic biomass. There were two distinctive regions. The first region started at less than 538 K, rose sharply to maximum peaks for the respective heating rates and decayed rapidly till around 678 K. The area below 538 K has been traditionally assigned to hemicellulose decomposition because it is the least stable of the polymeric structure of biomass; thereby decomposing earliest (Burhenne et al., 2013) . The maximum DTG peaks for teak at differing heating rates are between 598 and 630 K; these are attributable to cellulose decomposition. Wongsiriamnuay and Tippayawong (2010) observed that cellulose decomposes between 598 and 648 K. The second region (660-778 K) may be indicative of lignin decomposition because it has been noted that lignin degrades over a wider range of temperature (473-773 K) (Wongsiriamnuay and Tippayawong, 2010) . Significantly, a further thermal cracking of some resultant organic compounds, whose formation may have been precipitated in the prior primary reactions, could also be responsible. Biagini et al. (2006) in offering an explanation for the weight loss events that succeed primary devolatilisation alluded to the degradation of chemical species that may have been formed during the preceding thermal devolatilisation. Table 2 shows the influence of heating rate on devolatilisation parameters essentially for the region around the primary peaks. As a preliminary step, some of the terminologies adopted from literature are hereby defined and discussed. T a and T o (onset and offset temperature respectively) may be defined as intersections of the tangent to TGA curve (Gaur and Reed, 1998) . These variables describe the commencement and ending of the devolatilisation process accordingly. T max is the temperature at maximum mass loss rate (DTG max ), while a max is the conversion at that temperature. It was observed that as the heating rate increased, all the devolatilisation parameters with the exception of a max , exhibited successive shifts toward higher values. For instance at 5 K/min, T a , T o and T max were respectively at 568, 620 and 603 K, while at 35 K/min they rose to 600, 645 and 630 K. This is in agreement with literature where Biagini et al. (2006) noted that the onset temperature for rice husk devolatilisation at 5 K/min was 530 K and it shifted to 617 K at 100 K/min. This may be linked to heat transfer limitations that are usually associated with higher heating rates. A temperature gradient is created between the outer and the inner layers of the sample shifting toward higher temperature as heating rate increases. The increase in value for DTG max is in consonance with the findings by Damartzis et al. (2011) and Kim et al. (2010) but contrasts with the finding by Biagini et al. (2006) where DTG max tended towards lower values with rise in heating rate. Conversion (a max ) was the highest (55%) at 5 K/min while it dropped to the lowest value (48%) at 35 K/min. At low heating rates, transfer of heat is facilitated and this encourages mass diffusion that eventually leads to a greater mass loss.
Determination of activation parameters based on iso-conversional methods
The plots of iso-conversional lines in Figs. 1 and 2 were derived from the application of Eqs. (5) and (8) to the TGA data.
The correlation between the logarithmic function containing heating rate and 1/T at a ratios of 0.15 to 0.85 for FWO and Starink methods are shown in Figs. 1 and 2 respectively. Table 3 presents the values of E calculated from the individual slopes of the a ratio, the correlation factor and the relative difference between the two methods used. It was observed that the results for the E obtained from both methods were in agreement with a difference of <0.1%. The relatively low difference between the methods might be due to the use of an iterative procedure in the evaluation of E for FWO method as earlier mentioned in Section 2.4.1. The high value of R 2 between 0.15 and 0.65 conversion level revealed that Azeez et al. (2010) , HHV = higher heating value. there was a strong correlation for the most part. Damartzis et al. (2011) recorded similarly high values of R 2 for levels between 0.20 and 0.80 in the application of iso-conversional methods for the kinetic study of Cynara cardunculus. The values at low conversion were not included in the calculation of the E because of low correlation which can potentially introduce error in the data interpretation. At this stage of conversion it is mainly a physical reaction (drying process) that takes place and the current devolatilisation kinetic models are inadequate to define it accurately. Chen et al. (2013) made the same observation about the need to adopt a different model; moisture diffusion mechanism to obtain a better result for the drying stage.
For a between 0.15 and 0.60, the E hovers between 221 and 260 kJ/mol and spikes to about 300 kJ/mol at a level of 0.70. Damartzis et al. (2011) observed a similar trend of variation in values of E with increasing conversion. The variation in E with increasing conversion may be attributed to biomass heterogeneity in which each polymeric fraction possesses a peculiar devolatilisation characteristic. The degree of polymerisation of the reacting pyrolysis compounds (secondary reactions), as the thermal decomposition progresses, could also influence variation in E. Hence, the devolatilisation kinetics can be accurately interpreted by a multi-step mechanism (Damartzis et al., 2011) . As the reaction progresses, a dense carbon-rich structure (char) formed from either a cross-linking of polymer chains, polycondensation or cyclisation reaction of side chains evolves (Lopez-Velazquez et al., 2013; Zhou et al., 2013) . Its degradation evidently requires higher energy and this may have been responsible for the sudden rise in E. Kim et al. (2010) reported a similar finding in their kinetic study of pine trees. The A varies linearly with the E. The least and highest values of A are 9.60 Â 10 17 and 9.55 Â 10 24 min À1 at a of 0.8 and 0.7 respectively.
Analytical pyrolysis (Py-GC/MS) of teak at 500°C
During pyrolytic conversion processes of biomass, volatiles of diverse components are liberated from the breakdown of hemicellulose, cellulose and lignin fractions. Analytical Py-GC/MS technique is used to investigate the components that may be found in pyrolytic oil. Table 4 shows the retention time, molecular ion, and the % peak area for the various compounds. A total of 55 compounds were identified from the Py-GC/MS analysis of teak and about 75% were identified. The main compounds were CO 2 (10.4%), acetic acid (6.4%), furan + 2-butanone (5.7%), levoglucosan (5.2%), trans-coniferyl alcohol (4.6%). Acetic acid and furfural, products of hemicellulose decomposition, were among the earliest compounds to emerge (Gao et al., 2013) . It is well known that levoglucosan is an intermediate product primarily from cellulose decomposition. The formation of levoglucosan is from the rupture of glycosidic bonds and the rearrangement of glucose (Gaur and Reed, 1998; Gao et al., 2013) . The proportion of phenolic organic compounds identified was more than one-third; however, the major ones are isoeugenol (2.7%), acetoguaiacone (2.1%), 4-vinylguaiacol (2.0%), methyl guaiacol (1.6%), guaiacol (1.4%), and vanillin (1.2%). These are from the deconstruction of lignin fraction and it is consistent with findings from literature (Pillai et al., 2011; Gao et al., 2013) . The organic compound that emerged at the 50th minute is tentatively identified as diplotene.
Conclusion
Two different models were employed (Starink and FWO) to determine the kinetic data of teak wood and the results were comparable. The activation energy and the pre-exponential frequency factor varied between approximately 222 and 300 kJ/mol, and 9.6 Â 10 17 and 9.55 Â 10 24 min À1 as a function of conversion respectively. The presence of CO 2 , acetic acid, furan + 2-butanone, levoglucosan, and trans-coniferyl alcohol was detected in significant concentration by analytical Py-GC/MS technique. Furthermore, isoeugenol, acetoguaiacone, and 4-vinylguaiacol were the main phenolic organic compounds identified. Pyrolysed teak thus, serves as a good source of extraction of these chemical compounds.
